ABSTRACT. Results of analyses of snow annual accumulation variability, density and crystal growth measurements in firn and ice cores recovered from the upper layers of the West Antarctic ice sheet during the US component of the International Trans-Antarctic Scientific Expedition (ITASE) are presented. Annual-layer structure was analyzed on the basis of the visible stratigraphy and electrical conductivity measurement record in each core. Annual accumulation varied appreciably between core sites and within cores at individual sites where undulating surface topography appears to be exerting a significant impact on the magnitude of snow deposition. All density profiles except one exhibited densification that was normal with respect to snow annual accumulation and 10 m firn temperatures. Snow annual accumulation was determined stratigraphically, and 10 m firn temperatures were either measured in the holes drilled for cores or inferred using elevation changes relative to Byrd Station, the 10 m temperature at Byrd Station and an assumed lapse rate. Measurements at the one exceptional location indicated that the firn had undergone extremely rapid densification to ice, with the transition to ice occurring at 35-36 m depth. Furthermore, thin-section measurements of grain-size show that the growth of crystals accelerated below the firn-ice transition. The behavior at this one site is attributed to localized deformation in the upper layers of firn and ice. Enhanced crystal growth was also observed at another site. At all other locations where grain-sizes were measured, the rates of crystal growth were in accord with age-temperature relationships observed by other researchers in Antarctica and Greenland. Profiles illustrating pore-crystal structure changes with increasing depth of burial are also presented.
INTRODUCTION
The purpose of this paper is to present results of major physical property and crystal structure measurements of firn and ice cores obtained during the United States International Trans-Antarctic Scientific Expedition (USITASE) oversnow traverse project in West Antarctica. We measured snow annual accumulation and evaluated age scales based on visual examination of the annual-layer stratigraphy at each site. Additional studies included density profile analyses, utilizing data obtained in the field, and measurements of crystal growth as a function of depth, age and temperature in firn and ice cores drilled at each site during three of the four legs of the USITASE traverse.
The major goal of ITASE, of which the US component is a part, is to establish the extent to which the modern atmospheric environment is preserved in the upper layers of the snow and ice of the Antarctic ice sheet. Specific objectives of ITASE include determination of the spatial variability of Antarctic climate, the environmental variability in Antarctica over the past 200 years, and changes in the mass balance over Antarctica (Mayewski and Goodwin, 1996) . At a number of USITASE core-drilling sites where annual accumulation was low, drill depths were reached that exceeded 200 year old firn, extending the time-span over which changes in the mass balance of West Antarctica could be evaluated. On the other hand, at some sites where annual accumulation was higher, time-spans of the drilled core were appreciably less than 200 years.
The USITASE project involved a number of traverse routes or legs, along which shallow cores were drilled at intervals of approximately 100 km (Fig. 1) . One of our first priorities was to visually examine the stratigraphy of the cores to delineate the annual-layer structure for dating purposes and to determine to as great a depth as possible the snowaccumulation variability over the full length of the strati- graphically dated cores. A second priority was to analyze depth-density profiles at each site. Accurate densities are needed to convert annual-layer thicknesses to ice or water equivalents. Additionally we were particularly interested in analyzing the dependence of depth-density profiles on both the rate of surface snow deposition and the in situ snow temperature. A third priority was to measure crystal size changes as a function of the depth, age and temperature of the firn; crystal growth is a strongly temperature-dependent process, and measurements to be made on USITASE cores collected between Byrd Station and the South Pole in 2002 will bridge a significant data gap for deep firn and ice in the mean annual temperature range between -31 and -518C.
Together with density measurements, crystal structure examination of these cores will provide a valuable insight into the process by which air-rich firn is transformed into bubbly glacial ice. Knowledge of the path of crystalstructure changes as the firn densifies is also important in furthering our understanding of potentially significant changes in how chemical species, originally incorporated at the snow surface, are redistributed within the ice matrix or along crystal boundaries.
ANALYTICAL TECHNIQUES

Stratigraphic examination
General processing of cores was conducted at the US National Ice Core Laboratory (NICL), Denver, Colorado. At site 6, coring was terminated prematurely at 18 m depth, so stratigraphic studies were not undertaken. Difficulties with interpreting visible stratigraphy were encountered in the top 20 m of core from site 5 and over the entire length of the drilled core from site 2.
A light table was used to examine cores previously smoothed by microtoming during processing for electrical conductivity measurements (ECM). Annual layering was identified on the basis of coarse-grained summer layers and depth hoars overlying generally fine-grained snow deposited during the preceding winter. All light table observations were transferred at 1 : 1 scale to a core logbook containing 50 sheets of 1 m long graph paper. Annual layers were measured to the nearest millimeter and then combined with the appropriate density measurements to obtain water equivalents. Along with annual layering, such features as wind and ice crusts were also logged. These latter features are important for porosity and permeability studies (personal communication from M. Albert, 2003) and are of particular interest to ground-penetrating radar studies conducted along the research routes (e.g. reflection coefficients of 35-55 dB correspond to layers of 1-2 mm and small density contrasts) (personal communication from S. Arcone, 2003) .
Density measurements
Density was measured in the field on all cores prior to general processing at NICL. Measurements were made on approximately 1 m long sections of core that generally consisted of just one or two pieces with ends that could be matched and readily fitted together. Core lengths were measured with a calibrated meter stick to the nearest 5 mm. Core diameters were measured with digital calipers to 0.01 mm, then weighed on a large triple-beam balance to AE0.10 g. The overall accuracy of the density measurements is estimated at AE0.005 mg m 
Crystal growth measurements
Measurements of crystal size were based primarily on examinations of thin sections prepared at the Cold Regions Research and Engineering Laboratory (CRREL) on cores initially processed at NICL. Ten-millimeter-thick samples, spaced 2 m apart, were taken from each core and immersed in an organic filler (initially aniline but later dodecane) and frozen at -208C to solidify the permeable pore spaces between the firn grains. Frozen samples with glass slides attached were then sliced down to half the average grain diameter with a microtome. The finished thin sections were then photographed with a large bellows extension camera at 6Â magnification. Crystal sizes (areas) were measured directly from photographic prints with a pocket comparator. As advocated by Gow (1969) , crystal size was based on observations of the cross-sectional areas of the 50 largest crystals in the section (see Gow (1969) for full details of the thin-sectioning process and crystal size analysis). We concentrated our efforts on thin sections from below 10 m, the depth at which temperatures in the firn become essentially isothermal. The mean grain-size of crystals in each section was determined, and growth rates for all sections in each core were obtained from a least-squares fit of the data points.
Temperature measurements
The only direct measurements of the average mean annual temperature were obtained down-hole with a thermistor at 10 m depth at sites 1-6. At each of these sites the thermistor was left in the hole overnight for about 8-10 hours. Because of the short duration of the measurements, the temperature data are estimated to be accurate to only about 0.38C. At site SB, located near an automatic weather station, a mean annual surface air temperature of -21.58C has been reported (personal communication from M. Frey, 2003) . Unfortunately, at all other sites, MP and A-I, drillhole temperatures were not measured. These were estimated instead on the basis of the elevation (1497 m) at Byrd Station, the 10 m temperature (-288C) at Byrd Station, and a temperature lapse rate of 0.58C per 100 m.
RESULTS AND DISCUSSION
Snow-accumulation records
Data pertaining to snow-accumulation records and related parameters obtained during the first three legs of the USITASE traverse are included in Table 1 . Beginning with the two cores from 1999, site MP, located 100 km from Byrd Station, yielded 214 years of accumulation, giving an average yearly accumulation of 0.147 m w.e.
At site SB, located 200 km from Byrd Station, 249 years of accumulation yielded an average annual accumulation of 0.134 m w.e. The snow and firn in this core has undergone much more rapid densification with depth than would have been inferred from the measured annual accumulation and the mean annual surface air temperature. (The reasons for this are treated more thoroughly in later sections focusing on the densification and crystal growth processes in snow.) Also, ECM, together with results based on visual stratigraphy, yielded excellent agreement between the two dating techniques, which correlated within 2% for each core by the time the bottom of each hole was reached. Seven cores obtained in 2000 were later analyzed and age-dated from sites A-I.
Much variability in annual accumulation was observed between sites, as indicated in Table 1 , and also within cores along this traverse route. In several cores, especially near the southern end of the traverse, including sites F, H and I, the stratigraphic and ECM analyses were remarkably similar and matched very well on independent analysis. At all three sites the two dating techniques correlated within 3% for the three cores over their 340-368 year record of snow accumulation at the bottom of each drillhole. However, cores from sites C-E with a much higher annual accumulation proved much more difficult to analyze, both stratigraphically and with the ECM instrument. As results clearly show in Table 1 , snow accumulation along the route of sites 1-5 varied from moderate to high, with average values ranging from 0.212 m w.e. at site 2 to 0.363 m w.e. at site 5.
Appreciable variability in annual accumulation within cores is a characteristic feature at many sites. This variability applied particularly to accumulation averaged over 10 m increments, beginning at 0-10 m and continuing to the bottom of each core. The results presented in Table 2 show the highest and lowest 10 m incremental values of annual accumulation at several selected sites. These values were obtained by calculating the ice equivalent in each 10 m increment and dividing by the number of annual layers in that increment. Rather than representing responses to shortterm fluctuations in climate, much of the variability indicated in Table 2 is interpreted as reflecting the existence, and the effect on snow accumulation, of the large and small surface undulations observed along much of the route of the USITASE. Such undulations ranged in wavelength from a few to 20 km, with amplitudes of up to 20 m and more.
Undulating surface topography is known to systematically influence snow accumulation in both West and East Antarctica (Black and Budd, 1964; Gow and Rowland, 1965; Whillans, 1975; Richardson and others, 1997; Richardson and Holmlund, 1999; Van der Veen and others, 1999; Holmlund and others, 2000) . At Byrd Station, for example, long-term stake-line measurements have shown that surface depressions accumulate 30-50% more snow than the exposed crests of surface undulations (Gow and others, 1972) . These surface undulations appear in many cases to be directly related to irregularities in the bedrock underlying the Antarctic ice sheet. In this case, these undulations could be creating waves of accumulation that actively migrate across the surface of the ice sheet. For example, Black and Budd (1964) have estimated a wave migration rate of 25 m a -1 in Wilkes Land, and Whillans (1972) estimated a migration rate of 20 m a -1 in the general vicinity of Byrd Station. As alluded to above, such surface-modulated variability in accumulation, when observed in vertically drilled cores, could mistakenly be attributed to short-term fluctuations in climate ( Van der Veen and others, 1999) .
The effect of topographic forcing on accumulation variability and its implications for ice-core interpretation are being actively investigated (Hamilton, 2004) , especially in regard to ground-penetrating radar results (Richardson and others, 1997; Richardson and Holmlund, 1999; Arcone and others, 2004; Spikes and others, 2004) .
Density profiles
At all sites where we examined core in detail, melting was found to be negligible to non-existent. Under these dry snow conditions the process of densification will be the same at all sites; however, the rate at which snow densifies with depth is determined by the temperature of the snow and the speed with which it is deposited. Accordingly, the higher the temperature of the snow and the smaller the annual accumulation, the faster the snow will densify and vice versa. Depth-density profiles measured during the USITASE are presented as smoothed curves in Figures 2 and 3 . For the most part, the profiles were consistent with the stratigraphically determined annual accumulation and temperatures measured at 10 m depth in drillholes or those inferred using drill-site elevations relative to the elevation at Byrd Station, the mean annual surface air temperature at Byrd Station, and a lapse rate of 0.58C (100 m) -1 . The density profile at site MP almost exactly duplicated the profile at Old Byrd Station (Gow 1968) , where the annual accumulation is slightly higher (0.150 m w.e. compared to 0.147 m w.e. at site MP) but the 10 m temperature is slightly lower (-288C compared to -26.98C at site MP). These factors are mutually offsetting, leading to nearly identical depth-density profiles at the two locations.
At site SB, however, the firn has undergone extremely rapid densification to ice, much more rapid than would be inferred from the annual accumulation (0.134 m w.e.) and the mean annual temperature (-21.58C). The transition from firn to ice, occurring at 36 m, is among the shallowest observed anywhere in the dry-snow facies of Antarctica. This transition, which occurs at a density of 0.83 Mg m -3 , is only 2-3 m deeper than that observed at Upstream B (UpB) by Alley and Bentley (1988) , who attribute the anomalously rapid densification at UpB to large longitudinal stresses related to the location of UpB within the upper confines of Ice Stream B. Accelerated densification of firn was also observed at Little America V by Gow (1968) , who also attributed this behavior to large horizontal stresses acting in addition to the overburden pressure. A similar situation may apply at site SB, which happens to be located close to a catchment basin of Bindschadler Ice Stream (former Ice Stream D). In contrast to the situation at site SB, the firn-ice transition at site C is not encountered until 87 m depth, which would place it among the deepest transitions in West Antarctica.
Of the 14 cores analyzed from along the route of the three USITASE traverses, eight had firn-ice transition depths that exceeded 70 m. The fact that all eight sites were located in areas of moderately high to high snow accumulation would indicate that this, rather than in situ firn temperature, has been a dominant factor in determining firn-ice transition depths. This is because the age of the firn as a function of depth is itself determined by the rate at which snow is deposited at the surface. This means that there is less time at any given depth (and in situ temperature) for densification to occur, thereby extending the depth at which firn transforms into ice at the larger annual accumulation.
Crystal growth
In addition to densification, the overall process of the transformation of snow and firn to ice is accompanied by recrystallization. A major consequence of recrystallization of firn is the increase in size of the crystals with increasing age and depth of burial.
Stephenson (1967) and Gow (1969) independently established that the size of crystals in polar firn increased linearly with the age of the firn according to the expression:
D is the mean crystal cross-sectional area (in mm) at time t (years) and D 0 is the mean crystal cross-section extrapolated to zero age. This relationship is essentially identical to that established for isothermal grain growth in metals (Burke and Turnbull, 1952) , where the immediate driving force of growth is generally attributed to the interfacial free energy of the crystal boundaries (Cole and others, 1954) . Stephenson (1967) and Gow (1969) 
where k 0 is a constant, E and R are the activation energy and gas constant, respectively, and T is the firn temperature (essentially constant below 10 m) in Kelvin.
Plots of firn crystal size vs age for cores drilled during the 1999, 2000 and 2001 USITASE traverses are given in Figures 4 and 5. Both figures show good linear fits of firn crystal size vs age. At a number of locations this linear growth of crystals with time extends for some distance below the firn-ice transition. This region of linear increase in the size of crystals with time is referred to as the normal grain-growth regime (Alley, 1992) . It is now known to persist to considerable depth in both the Antarctic and Greenland ice sheets (Gow and Williamson, 1976; Herron and Langway, 1982; Woods, 1994; Thorsteinsson and others, 1997) . Age was determined from annual-layer counts based on examination of the visual stratigraphy.
An inspection of Figure 4 shows a good linear fit to the crystal-size data vs age for site MP. However, at site SB the crystal-growth vs age relationship is not so simple. It would appear that two curves of vastly different slope can be drawn through the data points, one encompassing growth in the firn and the other incorporating data points that lie entirely in ice. The rapid increase in the size of crystals observed below the firn-ice transition at site SB is not compatible with either the mean annual temperature or age characteristics of the ice at this location. As in the case of the unusually rapid rate of densification at site SB, it is suspected that highly localized stresses, related to its close proximity to Bindschadler Ice Stream, have also contributed to the accelerated crystal growth observed in ice at site SB.
A sudden increase in the size of crystals is also observed beginning at around the firn-ice transition at site 5. However, firn densification at this site seems normal with respect to the measured annual accumulation and 10 m temperature. The question of why the crystal size should suddenly increase in ice at site 5 remains unresolved. It is worth noting, however, that site 5 is located in a highaccumulation area of West Antarctica. Li and Jacka (1999) , in their study of crystal growth rates in cores from highaccumulation sites in East Antarctica, also observed sudden increases in the growth rate of crystals in ice below the firnice transition. They attributed this behavior to deformation induced by high accumulation, a process in which normal grain growth is replaced by dynamic recrystallization of the ice and associated rapid increases in crystal size. At all other USITASE sites, reasonably linear fits of firn crystal-size data vs age were obtained. Figure 6 includes a plot of crystal growth rates vs 1000/T for cores from the USITASE sites. The increased rate of crystal growth in ice at both site SB and site 5 is clearly indicated by their elevated positions with respect to the remaining USITASE data points, which were closely clustered about a line, the position and slope of which were determined by Paterson (1994) from regression analysis of the circled data points. These circled data points were obtained from studies made earlier in Greenland and Antarctica and were used by Paterson to determine an activation energy of 42.4 kJ mole -1 for grain boundary selfdiffusion. This is an appropriate value, since the driving force of crystal growth in firn can be attributed to the interfacial free energy of the grain boundaries. Earlier, Fig. 4 . Plots of crystal size variation vs age of firn and ice for cores from sites collected during the 1999 USITASE. Note the rapid increase in the rate of growth of crystals in ice at site SB. Crystal size measurements are not plotted for site 2 because of unresolved difficulties with the dating of this core. Gow (1971) , using a mix of crystal growth rates from five locations in Greenland and Antarctica, obtained an activation energy for self-diffusion of 44.5 kJ mole -1 , slightly higher than the value calculated by Paterson. Additionally, Paterson examined results of firn crystal growth-rate studies made by Nishimura and Maeno (1988) and Qin and others (1988) , and determined an activation energy of 42.3 KJ mole -1 , essentially the same as that obtained by Paterson (1994) . Gow's (1971) and Paterson's (1994) activation energies are appreciably smaller than the generally accepted value for volume self-diffusion in ice (about 60 kJ mole -1
). This approximately 30% difference in activation energies for volume self-diffusion and grain-boundary self-diffusion can probably be attributed to the fact that stresses in firn, arising from the build-up of the snow load, cause crystals to deform, which releases energy that would supplement the surface energy stored in the crystal boundaries. This additional source of energy would reduce the apparent activation energy to something less than that of volume self-diffusion. A similar 30% difference in the activation energies between volume self-diffusion and grain-boundary self-diffusion has also been measured in metals (Cole and others, 1954) .
A plot of crystal size vs age for all thin sections of USITASE cores, excluding sites 2 and 6 and those measurements of enhanced crystal growth in ice at sites SB and 5, is shown in Figure 7 . The slope of the straight line determined by regression analysis gives a composite growth rate of 0.009 mm 2 a -1
, indicated by a cross in Figure 6 . The clustering of data points about the straight line in Figure 6 is to be expected, given the fairly narrow range of temperatures at the USITASE sites where crystal sizes were measured. However, in conjunction with the many measurements that have now been made in Greenland and Antarctica, the new USITASE datasets serve to confirm the very strong dependence of crystal growth rates on temperature in the upper layers of firn and ice in polar ice sheets.
The changes in texture demonstrated in Figure 8 are involved primarily with changes in the sizes and shapes of crystals, growth of intergranular bonds, and changes in the size and shape of pores associated with the gradual elimination of pore spaces (densification) as the depth of burial increases. By 10 m depth the bonding between grains and crystals becomes so strong that rupture of intergranular bonds to facilitate closer packing of the grains is no longer possible. Any further modification of firn texture now occurs as a result of visco-plastic deformation of the grains. Deformation of grains in contact with one another causes material at the more highly stressed grain boundaries to migrate into the intervening pore space, thereby changing the shape of the pores and decreasing the permeability and porosity of the firn.
Ultimately the process of firn densification is terminated when the permeability reduces to zero and porosity is reduced to around 10%. Pores now consist of bubbles isolated within the ice crystal matrix; this condition constitutes the firn-ice transition. Bubbles are confined mainly to the intersections of crystals; with increasing depth below the firn-ice transition, bubbles become enclosed in crystals as the crystals grow larger. Below 10 m all stages of this firn-to-ice transformation are displayed in the porecrystal structure profiles presented in Figure 8 . The much smaller size of firn crystals at site D compared to those at comparable depths at site A is due to age differences, the age of the firn at site D being much less at comparable depths than at site A. Note, however, that the time rate of growth of crystals at sites A and D is very similar because growth rates are strongly dependent on the in situ firn temperatures, which also are very similar at sites A and D.
CONCLUSIONS
Annual accumulation, determined on the basis of diagnostic seasonal signals in the visual stratigraphy measurements and , indicated by a cross in Figure 6 . Fig. 8 . Thin-section structure photographs illustrating pore-crystal relationships in firn and ice at the USITASE sites SB, A and D. The photographs were taken between crossed polarizers to reveal the crystalline nature of the grains. The smallest-scale subdivisions measure 1 mm. In shallow firn, pores appear as worm-like inclusions before transforming into sieve-like inclusions in mid-level and deeper firn. In ice, pores appear as rounded inclusions or bubbles located mainly at the intersections of crystals or within the crystals. ECM, ranges from 0.11 m w.e. near Byrd Station in the interior of West Antarctica to 0.363 m w.e. near the coast. Except for a single anomalously warm location, this large variability in annual accumulation occurred over a mean annual surface temperature range of <58C. Appreciable variability in accumulation occurred not only between traverse sites but within cores retrieved at individual sites, where undulating surface topography observed over much of the USITASE traverse route appears to be exerting a significant impact on the magnitude of snow deposition.
Density profiles for the most part were found to be consistent with what would be expected from the stratigraphically measured annual accumulation and the measured in situ firn temperatures and from temperatures inferred from site elevation changes relative to Byrd Station. Measurements at a single location indicated an anomalously high rate of densification, leading to a firn-ice transition at 35-36 m depth. This and an accelerated growth of crystals below the firn-ice transition are both attributed to localized stress, believed linked to the close proximity of this site to the catchment basin of an ice stream. At a number of sites the firn-ice transitions exceeded 70 m, and at one location the transition occurred at 87 m, among the deepest yet observed in West Antarctica.
Measurements of crystal size on 13 cores from 15 USITASE sites confirmed earlier research of a strong linear relationship between crystal cross-sectional areas and their ages. A strong dependence on temperature of the crystal growth rates was also demonstrated, further confirming results of earlier studies in Greenland and Antarctica.
